, white arrows). Within the ft ommatidial in the eye, we examined clones of cells homozygous clusters, the R4-specific marker was still strongly exfor a strong loss-of-function fmi allele (fmi
E59
). We found pressed in only one member of the R3/R4 pair. However, dramatic polarity defects that resembled those seen in the cell expressing the R4 marker frequently occupied The effect of removing Ft from one member of an R3/ R4 precursor pair was assayed using clones of homozygous ft cells generated in a heterozygous background. Because there are no strict lineage relationships among ommatidial cells, the ommatidia along the clonal border were composed of random combinations of ft Ϫ/؉ and ft Ϫ/Ϫ cells. Among these combinations were mosaic ommatidia in which only one member of the R3/R4 precursor pair possessed functional Ft. Because ft ommatidia rotate in the direction corresponding to their pattern of R3/R4 specification, the fate of the equatorial and the polar precursors in such R3/R4 mosaic ommatidia could be determined. In ommatidia that adopted the correct polarity for their position in the eye, R3 and R4 were derived from the equatorial and polar precursor cells, respectively, while in reversed polarity ommatidia, the R3 was derived from the polar precursor cell and R4 from the equatorial cell. Analysis of 166 R3/R4 mosaic ommatidia revealed that in all 71 examples where Ft function was absent from the polar R3/4 precursor cell, the equatorial cell became R3 and the resulting ommatidia displayed normal polarity (Table 1) . In contrast, loss of Ft function from the equatorial cell resulted in the polar cell becoming R3 and a reversal of ommatidial polarity in 88 of 95 examples (Table 1 ). These results demonstrate that Ft normally acts in the equatorial cell to promote the correct pattern of R3/R4 specification. . While Ds function is sor cell.
To demonstrate that Fz is required for differences in important for normal viability, a few homozygous ds UA071 mutant animals survive for a few days after eclosion. Ft levels between the R3/R4 precursor cells to dictate the pattern of R3/R4 specification, we generated ft Similar to ft ommatidia, the ds ommatidia randomly adopted either d or v polarity ( Figure 4E Figure 4F ). The examination of ds precursor cell in the fz background adopted either the R3 or R4 fate with roughly equal frequency (39% specimutant clones also showed the presence of nonautonomous effects on the polarity of neighboring wild-type fied as R4, 61% as R3; Table 1), in marked contrast to ft Ϫ/Ϫ cells in mosaic ommatidia generated in a fz ϩ tissue along the equatorial border of the clone ( Figure  4F , black arrows). background (95% specified as R4, 5% as R3; Table 1 To analyze the effects of lacking Ds function in one member of an R3/R4 precursor pair, homozygous ds UA071 first examined ds expression in the eye imaginal disc using a ds-lacZ enhancer trap (a ␤-gal reporter gene clones were generated in heterozygous animals and R3/ R4 mosaic ommatidia were examined. The loss of Ds inserted in the first intron of ds) that faithfully reproduces ds expression during 3 rd instar larval development (Clark function from the equatorial R3/R4 precursor cell had only a mild effect on ommatidial polarity (13% polarity  et al., 1995) . Interestingly, ds-lacZ is expressed in a graded pattern that is high at the two poles and low at reversals in 127 examples; Table 1 ). In contrast, loss of Ds function from the polar cell led to polarity reversals with the 43% polarity reversals observed when only Ds function was lost from the polar cell. Indeed, the effect in 43% of 98 examples (Table 1) . These data demonstrate that Ds acts primarily in the polar precursor cell of removing both Ds and Ft functions was remarkably similar to that of removing Ft alone. In each case, the and are consistent with the idea that the graded ds expression contributes to the normal pattern of R3/R4 mutant precursor cell was preferentially specified as R4 (80% and 98%, respectively; Table 1 ). Thus, the absence specification by providing a higher Ds level to the polar cell of each R3/R4 precursor pair. However, the observaof Ft function from one R3/R4 precursor cell determines the pattern of R3/R4 specification in a manner that is tion that differences in Ds function between the R3/R4 precursor cells are less effective than Ft differences at largely independent of input from Ds. These results suggest that Ds acts upstream of Ft and are consistent with directing the pattern of R3/R4 specification suggests that, in addition to its primary role in the polar precursor the idea that the presence of higher Ds levels in the polar R3/R4 precursor directs correct ommatidial polarity by cell, Ds may also play a role in regulating Fz signaling from the equatorial cell.
ensuring that Ft activity is higher in the equatorial precursor cell. mutation. ds-lacZ expression was severely reduced in R4 pair. If this model were correct, differences in Fj function between the R3/R4 precursor cells should be these clones (Figures 5I and 5J) . Combined with previous studies of fj-lacZ expression, these data suggest ineffective at biasing cell fate specification in the absence of Ds. However, differences between the R3/R4 that the ds and fj expression gradients result in large part from the presence of a gradient of Wg signaling precursor cells in their levels of Ds function should be able to direct ommatidial polarity even in the absence that increasingly activates ds and inhibits fj expression near the poles. It is worth emphasizing that the receptor of Fj.
The first prediction was tested by examining fj clones mediating the effects of Wg on fj and ds expression is likely to be another member of the Fz family, perhaps generated in ds UA071 flies. Since the lack of a recognizable equator in homozygous ds mutant eyes ( Figure 4E ) made dFrizzled2 (dFz2), rather than Fz itself. This is evident from the observation that fj-lacZ expression is not afit impossible to designate normal versus reversed polarity ommatidia in fj N7 clones, the fj R3/R4 mosaic ommafected by the loss of Fz function (Zeidler et al., 1999 ). tidia were analyzed by measuring the frequency with which the fj Ϫ/Ϫ precursor cell became R4. When fj mosaic fj Is a Transcriptional Target of the Fj/Ds/Ft ommatidia were assayed in ds mutant flies, the fj Ϫ/Ϫ
Signaling Pathway precursor cell was equally likely to become R3 or R4
The genetic epistasis experiments described in the pre-(54% as R4, 46% as R3; Table 1 ). In contrast, the fj Ϫ/Ϫ vious sections strongly suggest that Fj, Ds, and Ft act cell became R4 in 84% of cases when fj mosaic clones together to control PCP signaling. Further support for were generated in a ds ϩ background. These data show their placement in a common pathway came from an that differences in Fj function can only specify the patanalysis of fj-lacZ expression. It has been demonstrated tern of R3/R4 specification when Ds is present. The previously that Fj can regulate its own expression ability of differences in Ds levels to influence R3/R4 (Zeidler et al., 1999) . We found that fj overexpression in specification in the absence of Fj function was examined eye disc clones repressed fj-lacZ expression within the by generating ds UA071 clones in either wild-type or homoclones ( Figures 6A-6C ). When fj-lacZ expression was zygous fj N7 flies. When ds mutant clones were induced examined in ft and ds eye disc clones, we found that in wild-type background, the ds Ϫ/Ϫ cell has 68% chance the loss of Ft led to an increase in fj-lacZ reporter expresof becoming an R3 (Table 1) . Interestingly, when ds sion, while the loss of Ds led a reduction in fj-lacZ exclones were induced in fj animals, this frequency was pression ( Figures 6D-6I ). These results suggest that Fj increased to 85 % ( Table 1) , showing that the lack of regulates its own expression via a pathway involving Ft Fj not only fails to block the action of Ds but instead and Ds. While the importance of the fj transcriptional enhances the ability of Ds differences to dictate the regulation by Fj, Ft, and Ds to ommatidial polarity is pattern of R3/R4 specification. These results support a presently unclear, these data provide further evidence model in which Fj acts upstream of Ds, perhaps as a that these proteins can act in a common signaling regulator of Ds function.
pathway. Since fj and ds are expressed in opposing gradients in the eye, one possible mechanism by which Fj could Discussion regulate Ds function would be to inhibit ds transcription. This possibility was investigated by examining ds-lacZ Planar polarization in the Drosophila eye is evident in expression in clones of cells that either lack Fj function the consistent orientation of the ommatidial units with or overexpress Fj (Figures 5B-5E ). The lack of detectable respect to the equator and poles of the eye. The key effect on ds-lacZ expression in these experiments indistep in this process is the establishment of a higher level cate that Fj does not act by antagonizing ds expression.
of Fz PCP signaling activity in the equatorial member of the R3/R4 precursor pair. In this report, we have investigated the mechanisms by which the R3/R4 preWg Regulates the ds Expression Gradient Our analysis supports the idea that positional informacursor cells within an ommatidium sense which cell is closer to the equator. We show that the cadherin supertion controlling Fz signaling during ommatidial development is provided by the opposing gradients of fj and family members, Ft and Ds, play essential roles in this process. Support for this conclusion comes from analyzds expression. The question arises as to how these gradients are established. Previous work has shown that ing ommatidial development in the absence of Ft or Ds activity. In either case, the orientation of ommatidial a major determinant of the fj expression gradient is Wg, a secreted Wnt class ligand expressed at high levels at polarity and Fz-dependent signaling events are randomized with respect to the equator. From our data, we the two poles of the eye disc ( Figure 5F ; Treisman and Rubin, 1995), which negatively regulates fj expression propose a model (Figure 7) for the establishment of PCP in which the presence of higher Ft function in the (Zeidler et al., 1999) . To test whether the Wg gradient 
